The purpose of this study was to evaluate the effects of simvastatin on guided bone regeneration in the mandibles of ovariectomized rats, and to observe their blood cholesterol levels. Seventy female rats were divided into two groups: control and treated, both groups containing normal and ovariectomized rats. A month after ovariectomy a bone defect was created in the mandible, and was covered by a polytetrafluoroethylene membrane. The treated groups received simvastatin orally for 15 or 30 days. The rats were sacrificed 15, 30 or 60 days after surgery, at which time a blood sample was extracted for blood cholesterol level analysis and the mandible was extracted for densitometric, histological and morphometric analysis. All specimens underwent analysis of variance. The ovariectomized animals had higher cholesterol levels than the treated normal animals, and no significant difference was found between the different treatment periods and the sacrifice times. The densitometric, histological and morphometric analysis showed that the treated ovariectomized animals developed more new bone than the control ovariectomized rats, but no significant difference was observed between the treatment periods. It can be concluded that the deficiency of estrogen increased the level of blood cholesterol and that the simvastatin aided new bone formation in the ovariectomized animals. (J. Oral Sci. 44, 117-124, 2002) 
Introduction
With increasing life expectancy for the human species, osteoporosis has become a crucially important factor in the quality of life of elderly people, and it is now one of the most frequently studied diseases. Much effort has been put into finding new medication that not only reduces bone loss related to age and menopause, but also increases bone mass in people with already established disease. The incidence of osteoporosis is significantly higher in women than in men, due to the reduction in estrogen levels caused by ovarian failure after menopause (1) .
Mandibular bone, together with the rest of the skeleton, goes through a continuous process of bone density reduction after the age of 50 (2) , and it is very important for dentists to understand the systemic hormonal changes in the oral bone structures. Many studies have been undertaken in humans and in ovariectomized animals to observe the effects of osteoporosis in the mandible (1) . Another field of dental interest is bone defect regeneration following cysts, infections, tumors and other factors. Bone regeneration is a complex process influenced by age, bone structure, vascularization, involvement of soft tissues and size of defect (3) .
Bone tissue has an extraordinary capacity to remodel and regenerate, being dependent on the interaction of nutrients, medicines, hormones, and growth factors (4) . The statins or inhibitors of 3-hydroxy-3-methylglutaryl coenzyme A reductase (HMG-CoA) are widely used for the treatment of hypercholesterolemia. x20 objective. The image of the reticule was laid over the histological field, and a count was made of the number of intersection points between the lines of reticule, which overlapped a determined studied structure (Pi) and the total number of points over the bone defect (P). The fraction of the volume density of the bone defect occupied by this structure was calculated using the formula below (9).
The histological variations considered for the quantification (Pi) were bone tissue structures such as bone matrix, osteocyte lacunas, osteoblasts and osteoclasts.
The results of the cholesterol levels, optic densitometry and histomorphometry were subjected to analysis of variance (ANOVA) and the Tukey's test at a significance level of 5%.
Results
The mean blood cholesterol level was higher in the ovariectomized rats, and statistical analysis showed that the blood cholesterol levels in the normal treated animals were significantly lower than in the ovariectomized rats, both in the control and treated groups (Fig. 2) . Moreover, no significant difference was found between the control and treated groups of the normal animals, nor between the control and treated groups of the ovariectomized animals, indicating that the simvastatin did not exert a hypolipidemic effect. Furthermore, no statistically significant difference was observed in relation to the different times of treatment and period of sacrifice.
The statistical analysis of the optical density using aluminum equivalents revealed that the ovariectomized ani- Fig. 2 Graphs of means and standard deviation of the blood cholesterol levels of studied groups. OV = ovariectomized. Statistically significant difference between: normal treated and OV control; normal treated and OV treated (*P < 0.05).
mals had higher mean values than the other animals (Fig.  3) . The rats killed on day 60 had higher mean values than those killed on day 15 and on day 30. However, there was no statistically significant difference between the studied groups for the period of treatment. Histological analysis of the animals sacrificed on day 15 showed that the bone defect was filled with granulation tissue with many cells and vessels. The margins of the lesion contained osteogenic tissue and some immature trabecular bone surrounded by osteoblasts, many voluminous osteocytes and some osteoclasts. These trabeculae surrounded wide marrow spaces, filled with connective tissue. On the surface of the mandibular bone, adjacent to the lesion, newly-formed subperiosteal bone, which showed continuity with the trabeculae formed inside the defect, was observed (Figs. 4 and 5) .
The extremities of the bone defects of the animals killed after 30 days exhibited more mature newly-formed bone trabeculae, which extended into the center of the lesion (Fig. 6) . Numerous smaller osteocytes were observed in these trabeculae, sometimes disposed in a lamellar pattern, and with marrow spaces of various sizes containing connective tissue or hematopoietic marrow tissue (Fig. 7) . The central area of the defect was filled with connective tissue.
The bone defects of the animals killed after 60 days were filled with a lot of newly-formed bone tissue, except in the central area, where connective tissue remained (Fig . 8) . The bone trabeculae were mature, with small osteocytes arranged in a lamellar pattern. Appositional lines and small marrow spaces with hematopoietic tissue were also observed (Fig. 9 ). In the posterior extremity of the defect it was not possible to determine the limit between the old Fig. 3 Graphs of means and standard deviation of optical density in aluminum equivalent for studied groups . OV = ovariectomized . Statistically significant difference between: OV treated and normal control , OV control, normal treated (*P < 0.05). and the newly formed bone. It was also observed in the histological analysis that the ovariectomized treated animals exhibited more newly formed bone tissue inside the defect in comparison to the ovariectomized control animals sacrificed on days 15, 30, and 60. Moreover, the bone regeneration of the ovariectomized control rats was inferior to that of the normal control rats, sacrificed on days 30 and 60.
Statistical analysis of the histomorphometry showed that in the control group, the ovariectomized animals had lower mean values in comparison to the normal animals, in the 30 and 60 day periods. Significant statistical differences were observed between the ovariectomized animals of the control and treated groups, proving that treatment with simvastatin improved the bone regeneration of the ovariectomized rats (Fig. 10) . The most newly formed bone tissue was found in the defects of animals killed after 60 days, followed by those killed after 30 and 15 days. However, no difference was observed between the periods of treatment.
Discussion
The results of the cholesterol tests showed that the ovariectomized animals had higher blood cholesterol levels than the normal animals. These data agree with many studies that have report an increase in LDL cholesterol in women after menopause (10, 11) and hypercholesterolemia in ovariectomized rats (12) (13) (14) .
It was also observed that treatment with simvastatin did not exert a hypolipidemic effect, in either normal or ovariectomized rats. These data agree with other studies, which demonstrate the ineffectiveness of statins in reducing blood cholesterol levels in rats and hamsters (15) (16) (17) (18) (19) .
The administration of statins in humans, rabbits and dogs Fig. 10 Graphs of means and standard deviation of the analysis of bone volume density (Vvi) of the studied groups. OV = ovariectomized. Statistically significant difference between: normal control and OV control; OV control and OV treated (*P < 0.05).
inhibits the HMG-CoA enzyme reductase, causing a compensatory increase in the quantity of these enzymes. This effect stimulates the surface of hepatocytes to express LDL receptors, which are responsible for the extraction of these lipoproteins from the plasma. In rats, a compensatory increase in HMG-CoA reductase after the use of statins has also been observed. However, this effect is not followed by an increase in LDL receptors. This mechanism cannot be explained yet, but it has been suggested that the inhibition of HMG-CoA enzyme reductase in rats leads to a degradation of LDL receptors (17) . Photographic or optical density analysis is the measurement of the film image through a photodensitometer, which compares the light intensity that enters a determined area in one side of the developed film with the intensity of the same light when it emerges from the other side. Therefore, the value of the optical density depends on the appearance of the radiograph, which is affected by changes during exposure and processing. In our study, the optical density values were transformed into aluminum equivalents, making the method reproducible, independent of the factors of exposure and film processing, and making it possible to compare the optical densities of different radiographs (20, 21) .
Some studies have attempted to establish a correlation between optical density readings and histological analysis. For example, Bodner et al. (22) studied the regeneration of the alveolus after tooth extraction in rats and Louzada et al. (23) studied the filling of bone defects in the rabbit ulna. These authors noticed a similarity between the results of the densitometric and histological analyses , suggesting that optical densitometry is an efficient method for the evaluation of bone regeneration. The densitometry performed in this work agreed with only some of the histomorphometric results. The densitometric and histomorphometric analysis both showed that the bone regeneration process for the ovariectomized animals was better for the treated group and for the 60 day observation period. However, histomorphometry was able to point out other findings, such as the reduced quantity of newly-formed bone in the ovariectomized control animals in comparison to the normal control animals, and the enhanced bone regeneration for the 30 day period when compared to the 15 day period.
Histological analysis of every group showed that bone regeneration is initiated at the margins of the defect and from the periosteum. These findings confirm those of other authors, that the periosteum has great osteogenic potential, and is crucial for the regeneration process (24, 25) .
Osteoclasts were found in the three periods of observation, especially in the animals killed at 15 days, and apposition lines were also observed after 30 and 60 days. These data indicate that during the process of bone regeneration, remodeling of the primary bone occurs, forming a more mature tissue, with smaller osteocytes arranged in a lamellar pattern (26, 27) . The bone tissue regenerates its original structure completely (28, 29) , and in some histological sections after 60 days, it was impossible to differentiate the posterior margin of the defect due to the similarity between the old and newly formed bone. The histomorphometric analysis revealed that in the control group the ovariectomized animals achieved inferior bone regeneration than the normal rats, after 30 and 60 days. In many studies, ovariectomization of experimental animals has been associated with deficiencies in the bone regeneration process (30, 31) .
Through the histomorphometric analysis it was also observed that simvastatin enhanced the bone regeneration in ovariectomized rats. However, in the normal rats, there were no effects on the regeneration process.
The effect of simvastatin on the mandibular bone defect in ovariectomized rats is probably associated with the increase in bone density caused by the use of this medicament for osteoporosis. Wang et al. (32) verified, while studying the femur of rabbits with osteoporosis induced by steroids, that animals treated with steroids and lovastatin for 13 weeks achieved higher bone density than the group treated only with steroids. Mundy et al. (6) also noticed an increase in the volume of trabecular bone in ovariectomized rats treated with simvastatin.
The main mechanism of action of the statins is to increase bone formation through stimulation of bone morphogenetic protein (BMP), which is important in the differentiation and induction of osteoblasts (6, 33) . Sugiyama et al. (33) proved that the effect of simvastatin on BMP-2 is the result of inhibition of HMG-CoA reductase and that this enzyme is a regulator of bone morphogenetic protein expression. Moreover, the statins inhibit the bone reabsorption process because they induce osteoclast apoptosis by the same mechanism as biphosphonates containing nitrogen (34) .
Although the exact mechanism by which the statins act on the bone tissue has not been determined, we conclude that simvastatin enhances guided bone regeneration in the mandibles of ovariectomized rats and maintains normal blood cholesterol levels.
